Objectives: To investigate the short-term effects (one day) of exercise and diet composition on appetite control in restrained females. Design: 2Â2 repeated measures design, with exercise and lunch type used as the repeated factors. Setting: The Human Appetite Research Unit at Leeds University Psychology Department. Subjects: Twelve dietary restrained females, normal weight and regular exercisers Interventions: A control (rest) and a bout of high intensity exercise (cycling 50 min., 70% VO 2 max.) was followed by a free-selection lunch comprising high-fat (HF) or low-fat (LF) foods. Hunger and heart rate pro®les were tracked. Energy Intake (EI) was monitored in the laboratory throughout the day. Post-meal hedonic ratings were completed after lunch and dinner.
Introduction
The usefulness of physical activity in the prevention and treatment of obesity is still controversial. In theory, exercise should provide an effective method of weight control since it has the potential to induce a negative energy balance by increasing daily energy expenditure. However, it is possible that due to this energy de®cit, exercise increases the drive to eat, and a compensation in energy intake occurs in order to match the exercise-induced energy expenditure. If this compensatory increase in energy intake is complete, the energy system keeps in balance and no weight loss can be expected. This principle is implied in Edholm's concept of the regulation of appetite through energy balance (Edholm et al, 1955) . Therefore, the degree of energy compensation after exercise is the major factor in determining whether or not the exercise causes a change in body weight.
In the short-term, studies assessing the relationship between exercise-induced energy de®cits and food consumption suggest that there is no increase in hunger and energy intake as a result of an exercise-induced energy de®cit (Reger et al, 1986; Reger & Alison, 1987; Thompson et al, 1988; Kissileff et al, 1990; King et al, 1994; King et al, 1997a; Imbeault et al, 1997; Gilsenan et al, 1998 and for review, see King et al, 1997b) . This has lead to the suggestion that there exists only a weak coupling between (physical activity induced-) energy expenditure and energy intake (King et al, 1997a) . However, literature provides evidence that exercise alone often fails to induce weight loss (for review, see Garrow & Summerbell, 1995; Saris, 1995; Garrow, 1995) . Consequently, if dietary compensation to exercise does occur, this may be due to cognitive factors rather than to direct physiological linkage between energy expenditure and intake. Therefore, behavioural characteristics related to appetite control, for example dietary restraint and disinhibition, may be important mediators in the cognitive response to exercise (Hill et al, 1995) .
Restrained eating has been de®ned as the tendency to restrict food intake consciously in order to prevent weight gain or to promote weight loss (Herman & Mack, 1975; Herman & Polivy, 1975) . This behaviour is observed in obese as well as in lean people. Restrained eaters stop eating, not in response to satiety, but because they have reached a cognitively set limit. A central hypothesis of dietary restraint theory is that the intent to diet may be disrupted by certain events such as preloads of food, alcohol, dysphoric emotions (for review, see Ruderman, 1986) . This phenomenon, related to the disinhibition of cognitive control of eating behaviour, is important because it can explain why people trying to restrict their food intake may also overeat. A bout of exercise could also act as a disinhibitor. However, dietary restraint is not a homogeneous construct, with regard to the construct of disinhibition of control of food intake (Westenhoefer, 1991) . The author has suggested that dietary restraint, assessed by the Three-Factor Eating Questionnaire (Stunkard & Messick, 1985) , should be differentiated into at least two different sets of behaviours and cognitions called`¯exible control' associated with low disinhibition and successful dieting and rigid control' associated with high disinhibition and unsuccessful dieting.
Therefore, some restrained women can be considered vulnerable as they may be susceptible to lapses of overconsumption. Consequently, the response to physical activity is of particular interest since exercise may change and stimulate their appetitive response. There is also a considerable interest in the idea that exercise changes food selection so that the nutrient preferred is affected by the fuel used during exercise. For example, long-term physical training has been reported to increase preference for carbohydrate foods (Wood et al, 1982) . Alternatively, exercise may adjust food selection by altering the perceived pleasantness of the sensory aspects of foods or¯uids. Saris et al (1991) have demonstrated that exercise alters the perception of sweetness. In dietary unrestrained men and women, high-fat diet has been shown to induce a considerable increase in post-exercise energy intake (Tremblay et al, 1994; King et al, 1996) . In addition, an insensitivity to the satiety value of fat in food has been previously shown in women with high restraint scores (Rolls et al, 1994) . Therefore, in the present study, foods varying in fat and carbohydrate, and sweetness or savouriness were offered to subjects after exercise. In the paradigm to be used here, the choices are sequential rather than simultaneous. Consequently subjects could demonstrate a shift in preference by consuming more of the food appropriate to the fuel oxidised. Monitoring the composition of spontaneous energy and macronutrient intakes after physical activity will provide information of how exercise interacts with diet composition to in¯uence short-term energy balance. The effect of exercise on subsequent hunger and perceived palatability of foods eaten is also important when considering the time scale of the compensatory response. Thus, the aim of this present study is to investigate the short-term effects of exercise and nutrient manipulation on appetite control in dietary restrained females. One hypothesis is that females may perceive food to be a reward for exercise and relax the conscious control of their food intake. A second hypothesis is that these females reinforce their degree of restraint in order to increase the negative energy balance. An alternative hypothesis is that exercise does not affect their food intake.
Methods

Subjects
Twelve lean females were recruited from the student population of Leeds University to complete the study. All subjects were regular exercisers (at least three times a week) and dietary restrained eaters. Restraint was assessed by the Three-Factor Eating Questionnaire (TFEQ), (Stunkard & Messick, 1985) and de®ned as scoring strictly above 10 on the restraint scale. Scores of disinhibition and hunger were calculated, as well as scores of rigid and¯exible control of food intake (Westenhoefer, 1991) . Participants were non-smokers and were not taking any medication. All volunteers completed a questionnaire to ensure that they liked and would eat the foods served during the test meals and in the snack box. One third of the subjects were vegetarian and two out of twelve were currently dieting. Before the experimentation, maximal oxygen uptake (VO 2 max.) was assessed using an incremental test on a cycling ergometer (Proergo, Tunturi Ltd). Subjects were asked to cycle until volitional exhaustion at which stage VO 2 max. was reached. Weight and height measurements were taken prior to the test. Body composition, and in particular body fat, was measured after overnight fasting using the bioimpedance technique (BC-300 Body Composition Analysis System. SpaceLabs). Descriptive characteristics of the subjects are presented in Table 1 . The experimental protocol was approved by the Psychology Department Ethical Committee at Leeds University and subjects gave written consent.
Design and procedure
The study was designed to assess the effects of a bout of high intensity exercise followed by a free-selection lunch varying in macronutrient composition on appetite control. A 2Â2 repeated measures design was used, with subjects acting as their own control. The level of activity (rest or exercise) and the lunch type (low-fat or high-fat) were the repeated factors. Individuals were assigned to each of the conditions, in a counterbalanced order, with one week separating each experimental day. Participants were asked to attend the Human Appetite Research Unit in the morning (9.00 am) of each experimental day to be provided with a standard breakfast. At about 11.50 am, subjects underwent one of the four following treatments:
Rest-low fat (Rest-LF). Participants remained seated for 50 min in an individual room and were allowed to read and/or write. Then, they were provided with a low fat test lunch (mean Food Quotient b 0.85) Rest-high fat (Rest-HF). Participants remained seated for 50 min in an individual room and were allowed to read and/or write. Then, they were provided with a high fat test lunch (mean Food Quotient`0.85) Exercise-low fat (Ex-LF). Participants cycled for 50 min at 70% of their VO 2 max. Then, they were provided with a low fat test lunch (mean Food Quotient b 0.85) Exercise-high fat (Ex-HF). Participants cycled for 50 min at 70% of their VO 2 max. Then, they were provided with a high fat test lunch (mean Food Quotient 0.85)
Subjects were instructed to refrain from heavy exercise and from consuming alcohol one day prior to each experimental day and to keep habits and activities as constant as possible during the course of the study. On experimental days, when the volunteers were not eating meals or engaged in the 50 min rest or exercise periods, they were free to come and go from the research laboratory. Each subject was asked to refrain from exercise activities but was allowed to continue with habitual activities such as walking to and from work and climbing stairs etc. At recruitment, information about menstrual cycle (regularity of the cycle and date of the last period) was collected from each subject in order to be able to con®rm at a later stage that the results were not confounded by stage of the cycle.
Physical activity
Subjects were required to wear a heart rate monitor (Polar Electronic-4000, Finland) for the whole day, from breakfast to bedtime. Heart rate was recorded every minute. In order to ensure the instructions on physical activity had been followed, activity pro®les were determined from 9.00± 21.00, using one mean heart rate for each interval (17 in total, for details see paragraph motivation to eat and mental states).
During the exercise sessions, indirect calorimetry technique was used with samples of expired air collected every 10 min (5 in total) and analysed in order to calculate energy expenditure, exercise intensity, respiratory quotient (RQ), and substrate oxidation (V max 29 Series, Senor Medics, The CardioPulmonary Care Company). On the rest days, volunteers were required to refrain from heavy physical exercise, although usual activities were allowed. Resting energy expenditure (REE) was estimated for each subject, using the following equation (Ainsworth et al, 1993) :
Test foods Subjects came into the laboratory for breakfast (9.00), lunch (13.00) and dinner (17.00) each day of the study.
Breakfast. The breakfast consisted of cereals, milk, toasts, margarine, jam, orange juice and tea or coffee. Quantities eaten at the ®rst occasion were served at the three following occasions during which volunteers were asked to eat all the foods provided. Lunch. Twenty minutes after the end of the exercise or rest sessions, subjects were asked to stay in an individual room within the Appetite Research Unit where their ad libitum lunch was served. They were informed that they could eat as much or as little as they wanted and could select any of the food items. A list of all the foods, their energyanutritional contents, food quotient and served portions are presented in the Appendix. Dinner. Dinner menu was constant and consisted of ad libitum vegetable lasagne, peas, carrots or sweet corn and apple. Water was available at lunch and dinner. Subjects were not allowed to consume any foods in between the three main meals. They were allowed to have one drink (coffee or tea without milk and sugar, or water) in between each meal. Snack box. On leaving the laboratory after dinner, volunteers were given a box of savoury and sweet foods (bread roll, cheese, margarine, jam, crisps, fruit, yoghurt and chocolate biscuits) to consume for the rest of the day. They were not allowed to consume foods apart from those provided. Participants were informed that they could eat as much or as little as they wanted. They had to record the time and number of portions of each food item eaten on an inventory sheet, as well as all drinks consumed throughout the day on a drink diary record. They were asked to bring back all waste and uneaten food the next morning.
Energy and macronutrient intake Energy and macronutrient intake was calculated by weighing the food before and after consumption (to the nearest 0.1 g) and using manufacturers values and a computerised version of food tables (Compeat 4.0). The factors used for conversion of nutrients into calories were 4, 9 and 3.75 for protein, fat and carbohydrate respectively. The relative energy intake (REI) was calculated for lunch and for total energy intake (24 h). The REI is a measure of the energy intake relative to the exerciseinduced energy expenditure: it is calculated by subtracting the measured energy expenditure during the exercise (and estimated during the rest) session from the energy intake during the test meal (lunch) or the whole day. This measure has previously shown to be an important parameter to determine the effects of exercise on short-term energy balance (King et al, 1994; King et al, 1996) .
Subjective ratings
Motivation to eat and mental states. Throughout the day, motivations to eat (hunger, desire to eat, fullness, thirst) and mental states (contentment, lethargy, tension) were monitored using a hand-held personal computer, called Electronic Appetite Rating System (EARS). For example, hunger was rated on a 100 mm line preceded by the question`How hungry do you feel?', anchored on the left by`not at all hungry' and on the right bỳ extremely hungry'. Other questions included: what is your desire to eat? how full are you? how thirsty are you? how content are you? how lethargic are you? how tense are you? Computer programmed visual analogue scales (VAS) were rated when the alarm sounded on the computer (17 times, from 9.00 before breakfast to 21.00, on an hourly basis and beforeaafter the meals and the exercise sessions) (for details of the procedure, see King et al, 1997a) . This technique has been validated against the traditional rating of appetite using paper and pencil (Delargy et al, 1996) . VAS have been previously shown to be sensitive to changes in physiology state and to nutritional challenges (Hill & Blundell, 1986) . Post-meal food hedonic and ®llingness ratings. After lunch and dinner, subjects were asked to complete postmeal ratings on 100 mm VAS, including tastiness, pleasantness, ®llingness. Questions were as follow: How tastyapleasanta®lling was this meal?' with`not at all' and`extremely' at both extremities of the lines.
Statistical analyses
A repeated measures two-way analysis of variance (ANOVA) was used to analyse nutritional data and postmeal ratings with exercise and lunch type as the withinsubject factors; and RQ values, with time and lunch type as the repeated variables. A repeated three-way ANOVA was used to analyse subjective ratings and heart rate pro®les, with time, exercise and lunch type as the within-subject factors. Post-hoc t-tests were used to analyse differences between pairs of means. Pearson correlation analysis was performed to assess the association between scores of TFEQ scales and lunch EI or total EI, for each condition. Table 2 and Figure 1 show characteristics of the exercise sessions and the heart rate pro®les. As intended, mean energy expenditure, exercise intensity, respiratory quotient and heart rate did not differ signi®cantly between the two high-intensity, long-duration exercise sessions (t 0.7, df 11 ns). There was a signi®cant effect of time on RQ with RQ decreasing with duration of the exercise session (F[4,44] 6.4, P`0.001) and therefore, indicating an increase of fat oxidation and a decrease of carbohydrate oxidation with time. There was a major effect of time, exercise and an exercise by time interaction on the average of heart rate between 9.00 and 21.00 (F[16,176] 27.4, P`0.001; F[1,11] 329.5, P`0.001; F [16, 176] 94.3, P`0.001 respectively). Heart rate was signi®cantly increased during the exercise sessions and remained elevated three and a half hours after the end of the lunch (F[1,11] 87.2, P`0.001).
Results
Physical activity
Energy and macronutrient intake Nutritional data from the four test days are shown in Table 3 . There was a signi®cant effect of lunch type (HF vs LF) on energy intake following exercise and rest but not on the weight of food eaten (F[1,11] 50.0, P`0.001; F[1,11] 0.4 ns respectively). Energy intake increased during both HF conditions compared to the LF. As expected, there was a signi®cant effect of lunch type on fat and carbohydrate intake when expressed as percent of energy intake (F[1,11] 534.4, P`0.001; F[1,11] 392.4, P0
.001 respectively). Protein intake also differed between the HF and LF lunches (F[1,11] 170.7, P`0.001). Exercise had no signi®cant effect on weight, energy intake or FQ of food eaten at lunch (F[1,11] 1.2 ns). There was a signi®cant effect of lunch type (HF vs LF) on total 24 h energy intake (F[1,11] 8.4, P`0.05).
For completeness, we are reporting the signi®cant correlations between the different scales of TFEQ. As expected, there was a positive association between scores of restraint and¯exible control of food intake and between scores of restraint and rigid control of food intake (r 0.61, P`0.05; r 0.94, P`0.001 respectively). A positive association was found between scores of disinhibition and hunger (r 0.66, P`0.05). At lunch, there was a positive relationship between scores of hunger and energy intake during the rest-LF and the exercise-LF conditions (r 0.67, P`0.05; r 0.60, P`0.05 respectively). These correlations were also signi®cant for the total energy intake (r 0.81, P`0.001 for the rest-LF and r 0.77, P`0.01 for the exercise-LF conditions). In both LF conditions, there was a positive relationship between scores of disinhibition and total energy intake (r 0.59, P`0.05 for the rest day and r 0.67, P`0.05 for the exercise condition). None of the correlations between the different scales of TFEQ and food intake in the HF conditions were signi®-cant.
When energy expenditure was taken into account, there was a signi®cant effect of exercise, lunch type and an exercise by lunch type interaction on relative energy intake at lunch (F[1,11] 234.1, P`0.001; F[1,11] 49.4, P`0.001; F[1,11] 5.4, P`0.05 respectively). The effects of exercise and lunch type on relative total energy intake remained signi®cant (F[1,11] 16.3, P`0.01; F[1,11] 8.4, P`0.05 respectively). (bpm) 162 (10) 164 (10) Figure 1 Heart rate pro®les on each of the four experimental days. The signi®cant effect of time was found for all the other variables (desire to eat, lethargy, contentment, thirst, fullness, tension). Between 9.00 and 13.00, a time by exercise interaction was found for desire to eat, with higher ratings in the rest conditions (F[6,66] 3.0, P`0.05). There was a signi®cant effect of exercise on lethargy ratings with subjects feeling less lethargic on the exercise days (F[1,11] 6.9, P`0.05). A time by exercise interaction was found for contentment and thirst ratings, with a signi®cant increase in contentment and thirst after the exercise sessions (F[16,176] 2.7, P`0.001; F [16, 176] 4.9, P`0.001 respectively).
Post-meal food hedonic and ®llingness ratings Post-lunch ratings are shown in Table 4 . A signi®cant main effect of exercise on tastiness and pleasantness of the foods served at lunch was found (F[1,11] 5.8, P`0.05; F[1,11] 8.7, P`0.05 respectively). Post-hoc analyses showed that the increase in tastiness and pleasantness applied to the LF foods (t 2.8, df 11, P`0.05; t 2.7, df 11, P`0.05 respectively) rather than the HF foods (t 0.9, df 11 ns). There was no effect of exercise or lunch type on the ®llingness ratings (F[1,11] 0.2 ns). It is important to point out that these ratings of the foods were carried out in the immediate post-ingestive period after subjects had eaten to a point of`comfortable fullness'. There were no differences in any of these variables for the foods served at dinner.
Discussion
Despite the energy expenditure induced by the exercise session, physical activity did not have any signi®cant effect on the energy intake at the test meal; nor was there any effect on food intake for the rest of the day. Exercise decreased energy intake by 3% during both the low-fat and 2274 (433) 2554 (548) 2112 (528) 2566 (529) Total relative EI (kcal) 2224 (433) 2504 (548) 1686 (504) 2144 (497) Figure 2 Hunger pro®les on each of the four experimental days.
Exercise and dietary restraint A Lluch et al high-fat lunches (compared with the rest condition). When controlling for the energy expended, exercise decreased relative energy intake by 43%. Therefore, there was no energy compensation in response to exercise during the following meal (lunch). When considering the effects of the nutrient manipulation, the high-fat lunches followed by both rest and exercise increased energy intake by 67% and relative energy intake by 99% (compared with the lowfat lunches). Therefore, although a similar amount of food (g) was eaten in both the high-fat and low-fat conditions, because of the large difference in energy density (kcal/g), higher energy intakes were observed during the high-fat lunches. This phenomenon described as the`fat paradox' lead to a`passive overconsumption' of energy from the high fat foods . High-fat food consumption even wiped out the energy de®cit of physical activity. Total daily energy intake and relative energy intake were reduced by 3 and 19% respectively on the days of exercise while total daily energy intake and relative energy intake were greater by 17 and 19% in the high fat conditions. Therefore, there was no complete compensation in total daily energy intake for the energy expended during exercise or the increase of energy intake during the high-fat lunch. These dietary restrained women did not alter their eating behaviour after a period of intense exercise, a response that is similar to unrestrained females . According to Hill et al (1995) model, a restrained individual who is currently dieting might either choose to maintain food intake constant or to decrease it, in order to obtain or accelerate weight loss. If the restrained individual is not currently dieting, it would be unlikely to observe changes of energy intake in response to increased physical activity unless that subject is responsive to cues of hunger and satiety. Our sample was mainly composed of restrained females who were not currently dieting (10 out of 12). Exercise did not induce a change in food intake but what about hunger?
During the morning, subjects were feeling less hungry when they knew they would exercise. In this study, feelings of hunger were not measured during exercise, but just before and after. Previous experiments have shown a brief exercise-induced anorexia but which has no marked effect on food intake (Reger et al, 1986; Thompson et al, 1988; King et al, 1994; King et al, 1996) . Across the day, there were few sporadic changes in hunger levels due to exercise. However, as there was no upward adjustment of energy intake to match the increase in energy expenditure, it is suggested that restrained eaters have learnt to overcome their physiological feelings of hunger. As described in the boundary model for the regulation of eating (Herman & Polivy, 1984) , it takes more food deprivation to get the dieter to admit to the sensation of hunger; and after an equivalent period of deprivation, the dieter will be less likely to eat than will the nondieter. In our sample, a bout of exercise did not induce an increased drive to eat. These results are in accordance with the predictions of the potential effects of dietary restraint on energy compensation after a change in physical activity (Hill et al, 1995) . However, one single bout of exercise may not have been suf®cient to detect any changes. A recent study conducted in unrestrained males has shown that a high dose of exercise in one day (one morning and one afternoon session, with a total exerciseinduced energy expenditure equivalent to 1200 kcal) failed to have any effect on energy intake within the same day or on the day immediately after exercise, compared with days of no exercise (King et al, 1997a) . In the present study, it is also possible that energy intake was not measured for long enough and compensation could have taken place one or several days after the day of exercise. In a recent investigation, there was no signi®cant relationship between total daily activity on one day and total energy intake on the four subsequent days (de Castro, 1997) . These results are similar to those observed by Edholm et al (1970) and con®rm that expenditure is not signi®cantly related to intake, either on the same day or on subsequent days. In the long-term, most studies reveal that there is not a compensation in energy intake in response to interventions in physical activity (Westerterp et al, 1992 and for a review, see King et al, 1997b) .
One of the clearest and most interesting ®ndings of the study concerned the post-lunch hedonic ratings of the foods consumed. Although exercise did not affect the amount of food eaten during the low fat or high fat lunch, there was a signi®cant increase in the reported perception of the tastiness and pleasantness of the foods after they had eaten. This result has been previously reported in unrestrained females but not in unrestrained males . In another experiment, preferences for popcorn with varying levels of salt and fat were found to differ as a function of dietary restraint and exercise (Kanarek et al, 1995) . For the nine taste stimuli, preference ratings for the popcorn samples were signi®-cantly greater in restrained than in unrestrained female eaters. Additionally, preference ratings of women who reported exercising more than 3 h a week were signi®cantly greater than those of women who reported exercising less than 3 h a week. On closer inspection, in our study, the increase in the reported perception of the tastiness and pleasantness of the foods after exercise was restricted mainly to the high carbohydrate (low fat) foods. This outcome was contrary to our expectations. However, this adjustment in the appreciation of foods can be considered consistent with a physiological need for carbohydrate which is generated by the utilisation of glycogen during exercise. In earlier work, a relationship between exerciseinduced RQ and FQ of foods selected has been observed . In a recent free-living study, carbohydrate and fat intakes increased and decreased respectively as a function of activity levels in restrained women as compared to unrestrained women (Tepper et al, 1996) . However, our ®nding indicates that control of the quantity of food eaten, and the preferences of food quality may operate quite independently. The result observed here carries a positive message, for it suggests that subjects can derive greater pleasure from having eaten a food, without necessarily consuming a greater quantity. This is consistent with the notion of alliesthesia (Cabanac, 1971 ) describing the phenomenon according to which a given stimulus can induce a pleasant or unpleasant sensation depending on the subject's internal state. In addition, it is interesting to note that volunteers felt less lethargic and more content after the (King et al, 1997) .
Conclusions
In summary, the results of this study show that, in the short term (one day), exercise raised the perceived pleasantness of low-fat foods in dietary restrained women, but did not induce a disinhibition of restraint. The energy cost of exercise did not increase the drive to eat on the day of exercise but high-fat food selection overcame energy de®cit due to physical activity. However, it is not known whether the result of the combined manipulation of level of physical activity and lunch type would have been different in dietary restrained females who are not regular exercisers. Their responses could differ from those observed in dietary restrained females intentionally using exercise in addition to the control of their food intake. Therefore, further studies should assess the effects of a long-term exercise programme in dietary restrained females, differentiated according to their physical activity practice, current dieting status and susceptibility to lapses of overconsumption. In this case, if compensation does not occur, a weight loss should be expected. This short-term study suggests that in dietary restrained women who are regularly exercising, the combination of physical activity and a low-fat diet could be used advantageously to control appetite, prevent overconsumption and protect against the development of obesity. However, longer-term investigations are needed to con®rm these short-term effects. The results of the study have drawn attention to an interesting issue relating to the complex interaction among diet composition, dietary restraint, hunger, energy intake and physical activity. Despite the complexity of the potential mechanisms involved in this, these results suggest that exercise should be good for weight control in restrained subjects (since there is little energy compensation); but the changes in hedonic ratings suggest a way in which raised food preferences could start to undermine the control of appetite. 
